The h c t u r e behaviour of single crystal silicon (SCSi) microstructures is analysed based on micromechanical torsional and tensile experiments. The uniaxial testpieces are characterised hy the presence of sharp notches at the gauge length extremities. The critical loading conditions are reproduced in a finite element model in order to identify the analogies of the failure conditions in tension and torsion. The stress field in the vicinity ofthe notch tip (were cracks originate) is analyzed, and fracture mechanics parameters are determined. In the fmite element model a crack, reproducing the failure process observed in the experiments, is included. The crack area is incrementally increased and the energy release rate for the critical loading conditions in tension and torsion is calculated based on these results a failure criterion is formulated along with a procedure for the mechanical integrity analysis of SCSi microstructures of arbitrary shape and loading conditions.
INTRODUCTION
Single Crystal Silicon (SCSi) is widely applied for the realization of micromechanical devices, such as pressure sensors, accelerometers, micropumps and micromotors. The deformation analysis of a SCSi microstructure for a given mechanical load or the calculation of its resonance frequencies does not present any particular problem. In fact, the constitutive behaviour of micromachined SCSi has been characterized in a number of micromechanical tests aiming at determining its elastic constants [I-71. On the other hand, failure criteria and viable calculation procedures for the mechanical integrity analysis of SCSi microstructures are still missing, despite the availability of a certain amount of strength data [3, 5 , 6, 8-11] . The definition of design criteria and practicable calculation procedures represents an essential step towards the realization of reliable and optimized SCSi microstructures.
Due to its brittleness, SCSi experiences sudden fracture and catastrophic failure when the mechanical load on the microstructure exceeds a critical value. In most cases failure originates at stress risers (notches) generated by the micromachining techniques, such as chemical etching, ion reaction etching or plasma etching.
In the case of anisotropic chemical etching the stress field is singular along the sharp notches formed by the intersection of different etching planes.
One possible design procedure is the classical strength analysis, in which a representative stxess value is compared with the appropriate strength limit of the material. The definition of the representative stress value (as function of the tensor components) and the determination of the strength limit represent difficult tasks in the case of a brittle anisotropic material [12]. To the knowledge of the authors, these tasks have not been accomplished so far. In the opinion of the authors, this approach deserves further consideration in future studies. In the present work a fracture mechanics based approach has been favoured.
Design based on fracture mechanics is suitable for an intrinsically brittle material, such as SCSi. Fracture mechanics parameters have been applied by several researchers for the definition of the critical loading conditions in SCSi [7, 12, 131. In particular, fracture mechanics is the only viable approach for the analysis of microstructures with atomically sharp notches, due to the singularity of the stress field at the notch tip.
In [7, 121 stress intensity factors are calculated for particular loading conditions at sharp notches in SCSi microstructures. The calculations are based on mixed analytical-numerical analysis of the stress near field at the notch tip. The design criteria proposed in these works suffer of important limitations, since they only apply for specific notch geometry and loading conditions. An attempt for the derivation of a failure criterion of general validity is presented in [5]. There, experiments with microbeams subjected to tensile load are described and a failure criterion is formulated based on the comparison between the energy density in the notch neartip region and the surface energy per unit area. In a successive paper [6], torsional tests with the same micromechanical test pieces are presented. The application of the failure criterion proposed in [5] for the experimental data of [6] confirmed to some extent the validity of the approach, though highlighted the necessity of improving the formulation for the criterion to hold general validity. Figure I ). The testing region presents at its extremity sharp notches due to the fabrication process. When an external load is applied to the specimens (tensile force or torque) a stress distribution is generated in the microstructure, with strong stress concentrations around the notches at the gauge length extremities ( Figure   3 ). In all experiments the onset of the fracturing crack occurs in these zones. The critical location changes between tension and torsional tests, but is always located along the notches. Tensile load leads to a stress concentration with maximum at one extremity of the notch line, whereas torsional load leads to a maximum in the middle of the same edge ( Figure 3 ).
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Figure 3 -Different maximum stress concentration points for tensile and torsional test
Since the specimens' material is nearly a perfect crystal and the limited extension of the critical zone statistically lessen the probability of a defect at the critical location, a high repeatability of the critical load values is expected [IO] . This is confirmed to a great extent by the tensile tests and to a lesser extent by torsional tests. This difference is due to the experimental errors, which are inherently larger in torsional tests compared to the simpler tensile tests [6].
From the results of these experiments the critical load and deformation, just before fracture, can be inferred.
FEM CALCULATIONS AND FRACTURE MECHANICS ANALYSJS

FEM model
The FEM calculations are performed with the software ABAQUS 6.2 [14] . The FEM model used to simulate the critical conditions is shown in Figure 4 . The whole testing region is included in the model. Quadratic tetrahedral elements are used. The mesh refinement at the critical locations for tensile force and torque is shown in Figure   5 .
The simulation of the critical loading conditions at an ideally sharp notch with a linear elastic stress calculation leads to a singularity of the stress field. The singularity can be avoided with a non-linear continuum mechanics calculation (with the equilibrium conditions verified at the deformed configuration, see e.g. [15]). For this, a strong mesh refinement is required at the notch tip in a 3D FEM calculation, leading to very large number of degrees of freedom in the model. Fracture mechanics parameters in the vicinity of the notch tip are evaluated in this work, thus limiting the requirements of mesh refinement.
After some standardization step due to the differences where dU is the variation of the total energy of the of the geometry of each single specimen tested, the values system, dE is the change in potential energy (variation of of the ultimate loads before the catastrophic failure, to be intemal strain energy and potential of the external forces), applied as statical boundary condition in the FE dWs is the work required to create new infinitesimal simulation, are obtained from the experiments. These are surfaces of area dA (increment of crack area).
(i) the critical tensile force, F,,,,, for the tensile tests, and -dE/dA is also called energy release rate G, which is a (ii) the critical torque, T , , , , for the torsional tests. measure of the energy available for an incremental crack extension.
The comparison of the energy release rate G with the appropriate surface energy value represents a standard method for evaluating the behaviour of a crack in a solid. The main problem in the present case is that before failure no crack is present in the structure. Thus, a potential cleavage crack has to he identified, for which the energy release rate values are calculated. The aim of The crack is introduced in the FEM model starting from the maximum stress concentration point. Crack opening is simulated by a progressive detachment of adjacent elements at the notch tip. Every step, an incremental increase of the crack area is simulated and the total amount of potential energy is calculated. Interpolating these values, the function E(A) and, from its derivative, the local value of energy release rate G(A) are obtained. 
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and according to the experimental observations (see also [I 1, 20] ), cracks are assumed to initiate on { 11 1) planes. Since four (111) planes passes through a single critical point, four cracks, for each loading condition (tension and torsion), propagating along the four ( 11 I} planes are evaluated.
crack. As clearly shown in Figure 10 , an irregular mesh leads to a significant variation of the stress field along the crack front. With an irregular stress field the energy release rate G is obviously underestimated. A more regular mesh pattem has to be applied in order to obtain a homogeneous stress distribution along the crack front. shown in Figure 11 . In the next step, the shape of the crack has to he defined. At the microscopic level the disposition of the atoms in the diamond crystal structure of Silicon (see Figure 9 ) allows only a limited range of possible crack fronts. For a crack in the { 11 I} plane, the crack area must be formed by a combination of the triangles shown in Figure 9 . This condition is respected also for the macroscopic cracks in the FEM calculation. by detaching adjacent elements, the shape of the crack strongly depends on the mesh in the refined zone. An irregular mesh pattem leads to irregular shape of the The application of these criteria leads to a crack shape which maximizes the energy release rate G. Thus an unambiguous definition of the crack plane and crack shape for any loading condition and local geomem at the critical location is obtained. Potential energy values are evaluated from cracks propagating within the so called near-field region of the notch. These data are then interpolated using a power law:
This choice is dictated hy the fact that the stress variation in the near field region is described hy a power law, [5, 22, 231. The simulation results are very well fitted with the power law, as shown in Figure 12 for tensile and torsional tests. From the function E(A) the energy release rate G(A) is calculated. Figure 13 shows the function G(A) extrapolated for crack areas in the nm range. The curves for tensile and torsional tests are similar in their shape and in the numerical values, confirming that the function G(A) characterizes the notch at critical loading conditions. Thus a criterion with general validity can he formulated based on these curves.
Failure Criterion
Crack initiation is expected to be governed by the value of the function G(A) for areas in the atomic range (A = 0.25 nm2). The curve G(A) calculated according to the procedure presented above is expected to hold validity down to a crack area of 10 nm2. Below this value, the validity of the near field solution is questionable due to a number of factors, such as the exact geometry of the notch tip (influenced by the surface roughness, in the range of 1 nm, [ll, 241) or the geometrical non-linearity due to the large values of strains (up to 5% at 3 nm from the notch tip). These factors are all expected to reduce the value of the function G(A). Therefore the evaluation of the value of the curve G(A) for A=10 nm2 leads an upper bound for the energy release rate at the atomic level. The following (conservative) failure criterion can therefore be formulated fracture originates if G(A=10 nm2) exceeds the surface energy required to form two new { 11 I} faces (2y = 2.4 Jim'): G(A=10 nmz),ti, = 2.4 J/m2 (4) Correspondingly, for tensile and for torsional test lower values would have been predicted by this criterion for the critical load than the measured ones. As depicted in Figure 14 , with the above criterion the load would have been limited to a 22% lower tensile force and 29% lower torque in tension and torsional test respectively. The conservatism is the consequences of the significant level of uncertainty related to mechanical behaviour at the atomic level in the vicinity of the notch tip. This method provides a baseline for a conservative evaluation of the strength of a SCSi microstructure.
Future work will concentrate on the Verification of the failure criterion for different geometries and loading conditions. For this purpose, bending tests with SCSi probes with notches of different wedge angle will be performed. As well a validation of this approach will be attempted by its direct application to strength daw from the literature. This work will help quantifying (and possibly reducing) the inherent level of conservatism of the design procedure presented in this paper.
